Magliozzi et al. show that fission yeast cell polarity kinase Pak1 regulates cytokinesis. Through a phosphoproteomic screen and subsequent mutant analysis, their work uncovers direct targets and mechanisms for Pak1 activity during cell division.
Introduction
Cell polarization and cytokinesis share a requirement for the assembly of actin filaments into higher-order structures that are physically linked to the cell cortex. For example, polarized actin cables, actomyosin stress fibers, and dendritic actin networks are central to cell polarity in yeast and metazoan cells (Tojkander et al., 2012; Chiou et al., 2017; Omotade et al., 2017) . The architecture of these actin structures is controlled by cell polarity signaling proteins, which relay spatial landmarks to the cytoskeleton. Yeast and metazoan cells dramatically reorganize the actomyosin cytoskeleton into a contractile actomyosin ring (CAR) at cytokinesis. Past work has shown that cortical cell polarity proteins indirectly regulate cytokinesis by positioning the mitotic spindle, which provides spatial signals CAR assembly (Bringmann and Hyman, 2005; Rappaport et al., 2009; Siller and Doe, 2009; Kotak and Gönczy, 2013) . However, there are hints of more direct links between cell polarity proteins and the CAR. For example, cell polarity factors position the CAR in fly neuroblasts that are induced into cytokinesis in the absence of a mitotic spindle (Cabernard et al., 2010) , and cortical cell polarity factors contribute to the robustness of cytokinesis in C. elegans embryos Jordan et al., 2016) . In this study, we investigated the possibility of a direct role for polarity signaling factors during cytokinesis of fission yeast cells.
Fission yeast has served as a long-standing model system for studies on both cell polarity and cytokinesis. Genetic screens identified conserved polarity factors essential for the cylindrical shape of fission yeast cells (Hayles and Nurse, 2001 ). An early screen isolated a class of round (or "orb") mutants that were enriched for protein kinases including Pak1, also called Orb2 or Shk1 (Snell and Nurse, 1994; Verde et al., 1995; Marcus et al., 1995) . PAK kinases are auto-inhibited until activation by binding to the GTP-bound form of the GTPase Cdc42, a global regulator of cell polarity (Bokoch, 2003) . Active PAK kinases then organize the cytoskeleton by phosphorylating downstream substrates. In fission yeast, Pak1 phosphorylates several proteins in vitro (Yang et al., 1999; Endo et al., 2003; Kim et al., 2003; Yang et al., 2003; Loo and Balasubramanian, 2008 ), but we do not have a full understanding of Pak1 targets in cells and their functional connections to cell polarity and/or cytokinesis.
At mitotic entry, the actin machinery shifts to the fission yeast cell middle to form the CAR through a tightly regulated process. Many proteins that participate in these events have been identified through decades of genetic screens and subsequent characterization (Chang et al., 1996; Wu et al., 2006; Pollard and Wu, 2010) . Fission yeast cytokinesis occurs in four steps. First, a subset of cytokinesis proteins is recruited to 50-75 cortical spots called nodes, which are positioned in the cell middle (Chang et al., 1996; Sohrmann et al., 1996; Wu et al., 2006) . The anillin-related protein Mid1 serves as the primary anchor to position cytokinetic nodes in the cell middle (Sohrmann et al., 1996; Paoletti and Chang, 2000; Celton-Morizur et al., 2006; Padte et al., 2006; Almonacid et al., 2009; Almonacid et al., 2011) . The second step is CAR assembly, when nodes coalesce into an intact ring through actin-myosin based interactions (Wu et al., 2006; Vavylonis et al., 2008) . The third step is CAR maturation, when additional cytokinesis proteins are recruited to the intact ring (Wu et al., 2003; Wu et al., 2006; Pollard and Wu, 2010) . The fourth step is ring constriction, when the CAR constricts through the combined forces of actin-myosin interactions and cell wall deposition (Liu et al., 1999; Proctor et al., 2012; Ramos et al., 2019) .
Recent studies identified a direct role for the cell polarity kinases Pom1 and Kin1 in fission yeast cytokinesis. Kin1 and Pom1 phosphorylate multiple cytokinesis proteins including shared substrates (Kettenbach et al., 2015; Lee et al., 2018; Bhattacharjee et al., 2020) . Both in vitro and in cells, Kin1 and Pom1 phosphorylated largely non-overlapping residues on these shared substrates (Lee et al., 2018) . Simultaneous inhibition of both kinases led to cytokinesis defects, including "unspooling" of the CAR during constriction (Lee et al., 2018) . These results led us to hypothesize that additional cell polarity kinases might directly regulate cytokinesis proteins to promote cell division. Here, we screened for cell polarity kinases that localize to the site of cytokinesis and found a new role for Pak1 in CAR assembly. Through large-scale phosphoproteomics, we identified novel Pak1 substrates including Mid1. Phosphorylation by Pak1 promotes Mid1 association with cortical node precursors for proper cytokinesis. Our work reveals a new function for this conserved kinase in cytokinesis and supports the growing role of cell polarity signaling in cytokinesis.
Results and Discussion

Cdc42-Pak1 localizes to the assembling CAR
To identify cell polarity kinases that might function in cytokinesis and cell division, we monitored the localization of seven mEGFP-tagged kinases during cell division. Each strain also expressed the myosin light chain Rlc1-mRuby2 to mark the CAR and Sad1-mCherry to mark the spindle-pole body (SPB), which allowed us to categorize kinase localization during defined stages of cell division ( Fig. 1A) . Six of the kinases were recruited to the cell middle late in the division process, after CAR assembly and during constriction. In contrast, Pak1 localized to the cell middle shortly after SPB splitting, when CAR node precursors were still coalescing into a ring. Upon closer examination by Airyscan confocal microscopy, Pak1 colocalized with CAR marker Rlc1 during ring assembly, but we also observed Pak1 signal at the division site that did not overlap with Rlc1. Interestingly, Pak1 formed a strand that linked two loose ends of the CAR in the final stages of assembly ( Fig. 1B ). No such strands were observed in the presence of Latrunculin B (Fig. S1A ), but we note Pak1 colocalization with F-actin marker Lifeact was only partial during CAR assembly (Fig. S1B ). These results suggest that Pak1 might function during CAR assembly.
Pak1 is a member of the PAK (p21-activated protein kinase) family and has also been called Orb2 and Shk1 (Marcus et al., 1995; Verde et al., 1995) . Pak1 function at the assembling CAR would likely require the presence of activated Cdc42, which binds to and activates Pak1. Cdc42 activity is downregulated during cytokinesis in budding yeast (Atkins et al., 2013) , but may be active during fission yeast cytokinesis (Hercyk and Das, 2019) . Using the wellestablished Cdc42 biosensor CRIB-3xGFP (Tatebe et al., 2008) , we found that active GTP-Cdc42 localized to the cell middle and assembling CAR similar to Pak1 (Fig. 1C ). Both active Cdc42 and Pak1 localized to the cell middle during the assembly and maturation phases of cytokinesis ( Fig. 1C ). We conclude that active Cdc42 and Pak1 enrich at the assembling CAR and might contribute to the early stages of cytokinesis, unlike other cell polarity kinases that reach the cell middle only at the later stages of cell division.
Pak1 promotes CAR assembly and cytokinesis
Based on these localization results, we tested if Pak1 functions in CAR assembly. pak1 is an essential gene, so we used two different mutant alleles: analog-sensitive pak1-as (M460A) and temperature-sensitive orb2-34 (a mutant allele of pak1). Both mutants exhibit partial loss-offunction phenotypes including increased cell width under permissive conditions, consistent with severely reduced kinase activity in vitro (Fig. S1C-D; Loo and Balasubramanian, 2008; Das et al., 2012) . We measured the time between SPB splitting and complete CAR assembly (Fig.  S1E ), and found that both pak1 mutants took longer to assemble the CAR than wild type cells ( Fig. 2A ). CAR assembly was slowed even further by adding 3-Brb-PP1 inhibitor to pak1-as cells, which inhibits residual kinase activity in this mutant (Fig. S1F ). In these mutants, longer CAR assembly was coupled with a shorter CAR maturation phase between assembly and constriction ( Fig. S1G ). Subsequent CAR constriction occurred with similar timing in the mutant and wild type cells ( Fig. S1G ). Thus, Pak1 localizes to the assembling CAR and is required for efficient CAR assembly.
Genetic interactions provided additional support for the role of Pak1 in cytokinesis. We combined the orb2-34 allele with mid1-366 and rng2-D5 temperature-sensitive mutants. Both Mid1/anillin and Rng2/IQGAP localize to cytokinesis nodes as well as the CAR and are critical for proper CAR formation (Eng et al., 1998; Wu et al., 2006 , Laporte et al., 2011 Padmanabhan et al., 2011) . We observed synthetic growth defects for both orb2-34 mid1-366 and orb2-34 rng2-D5 double mutants (Fig. 2B ). These cells exhibited severe cytokinesis defects including misplaced, multiple, and/or disorganized division planes ( Fig. 2C-E) . We considered the possibility that these defects might be due to increased cell width in orb2-34 mutants, as opposed to a more direct role in cytokinesis. To control for this possibility, we combined mid1-366 and rng2-D5 with rga4∆, which exhibits increased cell width like orb2-34 ( Fig. S1C ) (Das et al., 2007) . No synthetic defects were observed with rga4∆ ( Fig. S1H -I), indicating that orb2-34 genetic interactions likely reflect a role for Pak1 in CAR assembly.
What proteins does Pak1 phosphorylate to promote cell division? One candidate substrate is the regulatory light chain of myosin II (Rlc1). Past work has shown that Pak1 phosphorylates Rlc1 at residues S35 and/or S36 (Loo and Balasubramanian, 2008) . We performed in vitro kinase assays with purified proteins and found that Pak1 phosphorylates Rlc1-S36A, but not Rlc1-S35A or Rlc1-S35A,S36A ( Fig. S2A-B ). However, nonphosphorylatable rlc1 mutant cells exhibited no defects in CAR assembly, cell shape, or genetic interactions with mid1-366 ( Fig. S2C -E). We conclude that Pak1 phosphorylates Rlc1, but this substrate does not explain the role of Pak1 in CAR assembly. Rather, these results suggest that additional cytokinesis proteins may be phosphorylated by Pak1 to promote cell division.
Large-scale phosphoproteomic screen reveals novel Pak1 substrates
To identify Pak1 substrates in cell division, we quantitatively compared the phosphoproteome in wild type versus pak1-as cells using multiplexed tandem-mass-tag (TMT) labeling coupled with liquid chromatography and mass spectrometry. We tested 4 conditions: (1) pak1-as + methanol control, (2) pak1-as + 3-BrB-PP1, (3) wild type + methanol control, and (4) wild type + 3-BrB-PP1. By using 11-plex TMT labeling, we directly compared the abundance of tryptic phospho-peptides from 11 samples: the first 3 conditions in triplicate and the final condition in duplicate. By including replicates, we could calculate statistical significance of phosphorylation site changes between conditions. In total, we identified 11,292 phosphopeptides, 8,641 phosphosites and 1,848 phosphoproteins (Table S2 ). pak1-as cells exhibit cell polarity and cytokinesis defects in the absence of inhibitor due to dramatically reduced kinase activity, so we expected to find cell polarity and cytokinesis substrates when comparing pak1-as versus wild type, both lacking inhibitor. In this category, we identified 123 phosphopeptides reduced at least two-fold with a p-value of ≤ 0.05. This list included proteins that function in cell polarity (e.g. Scd1, Scd2, Tea3, and Rga4) and cytokinesis (e.g. Mid1, Cdc15, Cyk3, and Rng10) ( Fig. 3A-B , Table S2 ).
We verified several targets as direct substrates using in vitro kinase assays with purified proteins and g-32 P-ATP. We purified full-length Tea3 and fragments of Scd1, Rga4, Cyk3, Cdc15 and Mid1 that contained residues phosphorylated in a Pak1-dependent manner in cells ( Fig.  S2F ). These proteins were phosphorylated by Pak1 but not by kinase-dead Pak1(K415R) in vitro, showing that they are direct Pak1 substrates ( Fig. 3C ).
Pak1 kinase activity regulates cellular localization of Cdc15 and Mid1
We focused on the new Pak1 substrates Cdc15 and Mid1 due to their roles in cytokinesis. Cdc15 is a membrane-binding phosphoprotein that connects multiple cytokinesis factors to the CAR (Roberts-Galbraith et al., 2010; Martín-García et al., 2014; Kettenbach et al., 2015; Ren et al., 2015; Willet et al., 2015; Lee et al., 2018 , Bhattacharjee et al., 2020 and exhibits synthetic genetic defects with pak1 mutations (Fig. 4A-B ). During cytokinesis, Cdc15 completely shifts localization from cell tips to the CAR. This shift was defective in pak1-as, leading cells to undergo cytokinesis with residual Cdc15 at cell tips ( Fig. 4C-E ). This result suggests that Pak1 alters Cdc15 dynamics to promote its redistribution to the cell middle. Consistent with this notion, we observed abnormally stable Cdc15 puncta at the tips of pak1-as but not wild type cells ( Fig. S3A-B ). Taken together, these results show that Pak1 directly phosphorylates Cdc15 to promote its concentration in the CAR for cytokinesis.
Next, we investigated the anillin-related protein Mid1, which localizes to CAR node precursors and the mature CAR, and is required to position the CAR in the cell middle (Celton-Morizur et al., 2006; Padte et al., 2006; Almonacid et al., 2009; Almonacid et al., 2011; Chang et al., 1996; Paoletti and Chang, 2000) . The Mid1 N-terminus (Mid1Nter, residues 1-506) localizes to nodes and the CAR, and is both necessary and sufficient for Mid1 function in cytokinesis (Guzman-Vendrell et al., 2013) . The Mid1 C-terminus contains a membrane-binding amphipathic helix that reinforces Mid1 localization (Celton-Morizur et al., 2004) . We did not observe obvious defects in the localization of Mid1-mNG in pak1-as cells ( Fig. 4F ), so we focused on the Mid1Nter construct that contains Pak1 sites identified both in vivo and in vitro. Interestingly, these phosphorylation sites cluster in binding domains for Cdr2 and Gef2, two cortical node proteins that are essential for Mid1Nter localization and function (Almonacid et al., 2009 , Ye et al., 2012 . Consistent with past work, GFP-Mid1Nter localized to cortical nodes in the cell middle and supported proper positioning of the cell division plane (Guzman-Vendrell et al., 2013) . However, both the localization and function of Mid1Nter were disrupted in pak1-as cells. GFP-Mid1Nter still localized to the cell cortex in pak1-as cells, but not in nodes that concentrated in the cell middle ( Fig. 4G ). This mislocalization correlated with dramatic cytokinesis defects, as GFP-mid1Nter pak1-as cells exhibited a range of division plane defects including misplaced, split, and tilted septa ( Fig. 4H-I) . These defects were not simply due to the increased width of pak1-as cells, as we did not observe similar phenotypes or localization defects for GFP-mid1Nter rga4∆ cells ( Fig. 4G-I) . These results suggest that Pak1 phosphorylates the N-terminus of Mid1 to promote proper cytokinesis.
Pak1 promotes Mid1 localization to cortical nodes
To gain more insight into Pak1 regulation of Mid1, we mutated 9 serines phosphorylated by Pak1 in vitro and/or in cells to alanine ( Fig. 5A and Table S2 ). The resulting Mid1(9A) mutant almost completely abolished phosphorylation by Pak1 in vitro (Fig. 5B ). In cells, the GFP-Mid1Nter(9A) mutant failed to localize at nodes and exhibited severe cytokinesis defects ( Fig.  5C-D) . These defects phenocopy combining pak1-as with GFP-Mid1Nter. Interestingly, these defects were not due to loss of nodes themselves, because the core node protein Cdr2 still localized properly in the GFP-Mid1Nter(9A) mutant (Fig. S3C) . These results suggest that Pak1 phosphorylates Mid1 to promote its recruitment to Cdr2 nodes, consistent with these phosphorylation sites being found within binding domains for Cdr2 and Gef2.
If Mid1Nter(9A) cytokinesis defects are due simply to mislocalization as opposed to other aspects of function, then synthetic recruitment of Mid1Nter(9A) back to nodes should suppress the cytokinesis defects. We tested this prediction using the GFP binding peptide (GBP) system. In GFP-mid1Nter(9A) cdr2-GBP-mCherry cells, Mid1Nter(9A) localization was restored to cortical nodes ( Fig. S3D ). More importantly, this synthetic retargeting largely suppressed the cytokinesis defects and restored proper cell division to this mutant ( Fig. 5D -E, Fig. S3E-F) . These results show that Pak1 phosphorylates the N-terminus of Mid1 to promote node localization for proper cytokinesis.
Finally, we tested the effects of Pak1 regulation by generating full-length Mid1(9A). We did not observe cytokinesis defects in mid1(9A) mutants ( Fig. S3G -H) but tested genetic interactions with mutants in Polo kinase Plo1. Plo1 phosphorylates the Mid1 N-terminus at distinct sites from Pak1 to promote Mid1 nuclear export and downstream function in recruiting cytokinesis proteins such as Rng2 to nodes , Alamonacid et al., 2011 . We discovered synthetic defects in cytokinesis when combining mid1(9A) with plo1-1 ( Fig. 5F-G) . Interestingly, plo1-1 exhibits similar synthetic defects with other mutants that impair Mid1 anchoring to nodes including cdr2∆ and gef2∆ (Almonacid et al., 2009 , Ye et al., 2012 . Similar to mid1(9A), combining pak1-as with plo1-1 also led to severe cytokinesis defects ( Fig. 5F-G) . Combined with previous work, our results suggest that both Pak1 and Plo1 kinases phosphorylate Mid1 to promote distinct steps in its regulatory mechanism. Both kinases phosphorylate the Mid1 N-terminus but at distinct residues and domains. Plo1 phosphorylates Mid1 to promote its export from the nucleus and its recruitment of cytokinesis factors IQGAP and myosin II , Almonacid et al., 2011 . In contrast, Pak1 phosphorylates Mid1 to promote its association with Cdr2 nodes (Fig. 5H ). Mutations targeting either step alone do not generate strong defects, but impairing both mechanisms leads to strong cytokinesis defects. This two-pronged regulatory network ensures that Mid1 recruits cytokinesis proteins in the correct time (Plo1) and place (Pak1).
Conclusions
Our search for cell polarity kinases that function in cytokinesis revealed recruitment of Pak1 and its upstream activator Cdc42 to the assembling CAR for cytokinesis. We found new functions for Pak1 in cytokinesis and used large-scale phosphoproteomics to identify new substrates that are directly phosphorylated by Pak1 in vitro. We showed that Mid1 is a critical substrate for Pak1 function in cytokinesis. Pak1 phosphorylates the N-terminus of Mid1 to promote its association with cortical nodes. We note that this regulatory mechanism could involve the recently described phase separation of this domain (Chatterjee and Pollard, 2019) , a possibility that could be examined in future work. Pak1 regulation of Mid1 acts in conjunction with other kinases including Plo1 and Sid2 (Almonacid et al., 2011 , Willet et al., 2019 . Each kinase regulates distinct aspects of Mid1 function, suggesting a coordinated regulatory network with implications for cytokinetic scaffolds such as anillin in other cell types. The full role of Pak1 in cytokinesis likely involves proteins beyond Mid1, consistent with our identification of Cdc15, Cyk3, and Rng10 as new substrates for Pak1. We note that Cdc15 and Cyk3 are also phosphorylated by the cell polarity kinases Pom1 and Kin1 (Kettenbach et al., 2015; Lee et al., 2018; Bhattacharjee et al., 2020) , and Pom1 further phosphorylates the Rng10 ligand Rga7 (Kettenbach et al., 2015) . Put together, these connections reveal a strong and growing role for cell polarity signaling in the regulation of CAR proteins for cytokinesis. 
Figure legends
Materials and methods
Strain construction and media
Standard S. pombe media and methods were used (Moreno et al., 1991) . Strains used in this study are listed in Table S1 . PCR-based homologous recombination was performed for chromosomal tagging and deletion . The pak1-as (M460A) strain was generated and shared by Juraj Gregan (Cipak et al., 2011) . The non-phosphorylatable rlc1 sequences were generated by site-directed mutagenesis using QuikChange II mutagenesis (Stratagene) according to the manufacturers protocol, and integrated into the leu1 locus of JM837 (leu1-32) using pJK148. Strains with rlc1 sequences integrated at the leu1 locus were crossed to a rlc1∆ strain to eliminate the copy at the endogenous locus. All plasmids were sequenced by Sanger Sequencing for verification. For growth assays, cells were spotted by 10fold serial dilutions on YE4S plates and were incubated at 25°C, 32°C or 37°C for 3-4 days before scanning. Pmid1-mid1-mNeonGreen-Tadh1 was generated by PCR from genomic DNA of strain JM5288 and inserted into pJK210 by restriction digest and ligation. Pmid1-GFP-mid1Nter-Tnmt1 was generated by PCR from genomic DNA of strain JM1493 and inserted into pJK210 by restriction digest and ligation. The mid1(9A) mutant allele was synthesized as a gBlocks Gene Fragment (Integrated DNA Technologies), and then inserted into the PCRlinearized fragment from pJK210-Pmid1-mid1-mNeonGreen-Tadh1 or pJK210-Pmid1-GFP-mid1Nter-Tnmt1 plasmid by repliQa HiFi Assembly Mix (Quantabio) according to the manufacturer's protocol. For the 9A mutant, the following residues were mutated to alanine: S328, S329, S331, S403, S416, S418, S422, S425, and S432. The wild type and nonphosphorylatable mid1 alleles were integrated into the ura4 locus of a mid1∆ strain.
Large-Scale Phosphoproteomic Screen
The strains used for phosphoproteomic screen were JM366 (972) and JM4787 (pak1::ClonNatR pak1-as(M460A)-HphR). Cells were grown in YE4S at 32°C for at least 8 generations and treated for 15 minutes with 30μM 3-Brb-PP1 (3-[(3-Bromophenyl)methyl]-1-(1,1-dimethylethyl)-1H-pyrazolo [3,4-d] pyrimidin-4-amine (Abcam), while control culture was treated with equal volume of methanol. Each culture volume was 1 liter YE4S. The cultures were then harvested by 10-minute centrifugation at 8,000 g at 4°C, washed once with 200 mL ice-cold 1x PBS, and then centrifuged again. The remaining cell pellet was weighed and resuspended in a 1:1 ratio with ice-cold 1x PBS with a protease inhibitor tablet (Roche Life Sciences) and 1mM PMSF. The cells were then lysed by two minutes of grinding in a prechilled coffee bean grinder; lysis efficiency was ~80% as judged by microscopy.
Yeast powder was lysed in ice-cold lysis buffer ((8 M urea, 25 mM Tris-HCl pH 8.6, 150 mM NaCl, phosphatase inhibitors (2.5 mM beta-glycerophosphate, 1 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM sodium molybdate) and protease inhibitors (1 mini-Complete EDTA-free tablet per 10 ml lysis buffer; Roche Life Sciences)) and sonicated three times for 15 seconds each with intermittent cooling on ice. Lysates were centrifuged at 15,000 x g for 30 minutes at 4°C. Supernatants were transferred to a new tube and the protein concentration was determined using a BCA assay (Pierce/ThermoFisher Scientific). For reduction, DTT was added to the lysates to a final concentration of 5 mM and incubated for 30 min at 55˚C. Afterwards, lysates were cooled to room temperate and alkylated with 15 mM iodoacetamide at room temperature for 45 min. The alkylation was then quenched by the addition of an additional 5 mM DTT. After 6-fold dilution with 25 mM Tris-HCl pH 8, the samples were digested overnight at 37˚C with 1:100 (w/w) trypsin. The next day, the digest was stopped by the addition of 0.25% TFA (final v/v), centrifuged at 3500 x g for 30 minutes at room temperature to pellet precipitated lipids, and peptides were desalted on a 500 mg (sorbent weight) SPE C18 cartridge (Grace-Davidson). Peptides were lyophilized and stored at -80°C until further use.
Phosphopeptide purification was performed as previously described (Kettenbach and Gerber, 2011) . Briefly, peptides were resuspended in 1.5 M lactic acid in 50% ACN ("binding solution"). Titanium dioxide microspheres were added and vortexed by affixing to the top of a vortex mixer on the highest speed setting at room temperature for 1 hour. Afterwards, microspheres were washed twice with binding solution and three times with 50% ACN / 0.1% TFA. Peptides were eluted twice with 50 mM KH2PO4 (adjusted to pH 10 with ammonium hydroxide). Peptide elutions were combined, quenched with 50% ACN / 5% formic acid, dried and desalted on a µHLB OASIS C18 desalting plate (Waters). Phosphopeptide enrichment was repeated once.
Phosphopeptides were resuspended in 133 mM HEPES (SIGMA) pH 8.5 and 20% acetonitrile (ACN) (Burdick & Jackson). Peptides were transferred to dried, individual TMT reagent (ThermoFisher Scientific), and vortex and mix reagent and peptides. After 1 hr at room temperature, each reaction was quenched with 3 µl of 500 mM ammonium bicarbonate solution for 10 minutes, mixed, diluted 3-fold with 0.1% TFA in water, and desalted using C18 solid phase extraction cartridges (ThermoFisher Scientific). The desalted multiplex was dried by vacuum centrifugation and separated by offline Pentafluorophenyl (PFP)-based reversed phase HPLC fractionation was performed as previously described (Grassetti, Hards et al., 2017) .
TMT-labeled samples were analyzed on a Orbitrap Fusion (Senko, Remes et al., 2013 ) mass spectrometer (ThermoScientific) equipped with an Easy-nLC 1000 (ThermoScientific). Peptides were resuspended in 8% methanol / 1% formic acid across a column (45 cm length, 100 μm inner diameter, ReproSil, C18 AQ 1.8 μm 120 Å pore) pulled in-house across a 2 hrs gradient from 8% acetonitrile/0.0625% formic acid to 37% acetonitrile/0.0625% formic acid. The Orbitrap Fusion was operated in data-dependent, SPS-MS3 quantification mode (Ting, Rad et al., 2011 , McAlister, Nusinow et al., 2014 wherein an Orbitrap MS1 scan was taken (scan range = 350 -1500 m/z, R = 120K, AGC target = 2.5e5, max ion injection time = 100ms), followed by ion trap MS2 scans on the most abundant precursors for 4 seconds (max speed mode, quadrupole isolation = 0.6 m/z, AGC target = 4e3, scan rate = rapid, max ion injection time = 60ms, minimum MS1 scan signal = 5e5 normalized units, charge states = 2, 3 and 4 included, CID collision energy = 33%) and Orbitrap MS3 scans for quantification (R = 15K, AGC target = 2e4, max ion injection time = 125ms, HCD collision energy = 48%, scan range = 120 -140 m/z, synchronous precursors selected = 10). The raw data files were searched using COMET with a static mass of 229.162932 on peptide N-termini and lysines and 57.02146 Da on cysteines, and a variable mass of 15.99491 Da on methionines and 79.96633 Da on serines, threonines and tyrosine against the target-decoy version of the S. pombe FASTA database (UniProt; www.uniprot.org) and filtered to a <1% FDR at the peptide level. Quantification of LC-MS/MS spectra was performed using in house developed software. Phosphopeptide intensities were adjusted based on total TMT reporter ion intensity in each channel and log2 transformed. P-values were calculated using a two tailed Student's t-test assuming unequal variance.
For volcano plot in Figure 3A , gray points are not significantly different between pak1-as and wild type cells treated with methanol. Black points have ≥ 2-fold decrease in abundance in pak1-as vs. wild type cells with a p-value of ≤ 0.05. Red points are significant phosphopeptides identified that have roles in polarized growth and cytokinesis. Protein name and modified residues are shown. Note that 5 outliers were removed from the graph for clarity of presentation. They are Pma1 S911:T912, Plc1 Y296:S297, Leu3 S355, Igo1 S128 and Rct1 S206. These phosphopeptides are included in the full data set found in Table S2 . For Fig. 3B , each phosphopeptide's abundance ratio between pak1-as and wild type (both in methanol) was log2transformed.
Protein purification and in vitro kinase assays
Full length wild type and catalytically inactive Pak1, wild type and mutant Rlc1, Tea3, and fragments of Mid1 (aa 300-450), Mid1(9A) (aa 300-450), Scd1 (aa 10-872) and Rga4 (aa 389-1150) were cloned into pGEX6P1 (GST tag) vector (GE Healthcare), expressed in BL21 (DE3 or Rosetta) E. coli strains, and purified with glutathione agarose resin (Sigma-Aldrich) as previously described (Kettenbach et al., 2015) . Purified proteins were released from resin by overnight incubation with 3C protease at 4°C or by elution with glutathione. Fragments of Cyk3 (aa 81-388) and Cdc15 (aa 358-928) were purified as previously described (Lee et al., 2018) .
In vitro kinase assays were performed by incubating purified proteins in kinase assay buffer (50 mM Tris-HCL pH 7.5, 150 mM NaCl, 10 mM MgCl2, 1 mM MnCl2) supplemented with 10 μM ATP and 2 μCi γ-32 P-ATP (blu002z250uc, Perkin Elmer) in 15μL reactions. Reactions were incubated at 30°C and stopped after 30 minutes by adding SDS-PAGE sample buffer (65 mM Tris, pH 6.8, 3% SDS, 10% glycerol, 10% 2-mercaptoethanol) and boiling. Gels were dried for one hour and the signal of γ-32 P-ATP was detected via a PhosphorImager scanned by Typhoon 8600 Variable Mode Imager (GE Healthcare). For Fig. 5B , reactions were incubated at 30°C and stopped after 5 minutes by adding SDS-PAGE sample buffer (65 mM Tris, pH 6.8, 3% SDS, 10% glycerol, 10% 2-mercaptoethanol) and boiling. Gels were dried for one hour and the signal of γ-32 P-ATP was detected via film exposure for 1 hour in a dark room. In all cases, bands in the figures correspond to the molecular weight where coomassie-stained protein migrates.
For identification of Pak1 phosphorylation sites on Mid1 in vitro, purified full length wild type and catalytically inactive Pak1 was incubated with for 1 hour at 30˚C in kinase assay buffer supplemented with 10 μM ATP. Reactions were stopped by addition of buffer (1% SDS, 15% glycerol, 50mM Tris-HCL, pH 8.7, 150 mM NaCl) and boiled for 5 min at 80°C, reduced with 5mM DTT, and alkylated with 15mM iodoacetamide (Sigma-Aldrich) for 1 hour in dark prior to boiling in SDS-PAGE sample buffer for 5 min at 99˚C. Reactions were then separated by SDS-PAGE. Gel bands were excised, destained, trypsin-digested and peptides were extracted and analyzed by LC-MS/MS (Table S2 ) (Opalko et al., 2020) .
Widefield microscopy and analysis
Cells were imaged in either EMM4S or YE4S at either 25˚C, 32˚C or 37˚C using a DeltaVision imaging system (Applied Precision Ltd.) composed of an IX-inverted widefield microscope (Olympus) with a 100x or 60x oil objective, a CoolSnap HQ2 camera (Photometrics), and an Insight solid-state illumination unit (Applied Precision Ltd.). Images shown as Z stacks were acquired and processed by iterative deconvolution using SoftWoRx software (Applied Precision Ltd.). Single channel fluorescence images are shown in inverted look-up table (LUT) except for Fig. S3D. For Fig. 1A , images are shown as maximum intensity projections. For Figs. 2A and S1E-G, cells were placed onto agarose pads containing the same growth medium and 2% agarose. Z-stacks of cells were imaged every two minutes and analyzed as maximum intensity projections. For Fig. 4D , the medial focal plane of cells were imaged on YE4S agarose pads every two minutes. We counted cells with detectable GFP-Cdc15 signal at cell tips upon CAR constriction. Figs. 4G and S3D are displayed as a deconvolved single focal plane to resolve cortical nodes. All other single focal plane images are non-deconvolved. The criteria for aberrant cytokinesis analysis in Figs. 4I, 5D, and S3F were tilted septa, multiple septa, tip septa and split septa. For Fig. 5G , cells were grown overnight at 32°C in EMM4S in a shaking waterbath, stained with blankophor before imaging. The criteria for aberrant cytokinesis analysis in Fig. 5G were oblique septa, multiple septa, tip septa, split septa and aberrant cell wall deposition during division. For Fig. S1C , cell width was measured by imaging cells with stained Blankophor and drawing a line across the division plane of septating cells. For Fig. S3A , cells with GFP-Cdc15 puncta that persisted for at least twelve minutes were marked as cells with stable GFP-Cdc15 puncta. All image analysis was performed on ImageJ (National Institutes of Health). Statistical differences were assessed by either One-Way ANOVA or Welch's t test using GraphPad.
Spinning disc microscopy and analysis
Images for Figs. 1C, 4C, 4F, 5C, S2C and S3C, G, and H were taken with a spinningdisc confocal system (Micro Video Instruments, Avon, MA) featuring a Nikon Eclipse Ti base equipped with an Andor CSU-W1 two-camera spinning disc module, dual Zyla sCMOS cameras (Andor, South Windsor, CT) an Andor ILE laser module, and a Nikon 100X Plan Apo λ 1.45 oil immerision objective. Figs. 1C, 4C , 4F, and S3G are displayed as maximum intensity projections. Cells for timelapse imaging in for Figs. S2C and S3H were imaged on YE4S agarose pads. Z-stacks were acquired every two minutes and analyzed as maximum intensity projections. For Figs. 5C and S3C, medial focal plane images were acquired. Statistical differences were assessed by One-Way ANOVA using GraphPad.
Airyscan super resolution microscopy and analysis
Cells were imaged using a Zeiss Airyscan microscope (Figs. 1B and S1B), composed of a Zeiss LSM-880 laser scanning confocal microscope (Zeiss, Oberkochen, Germany) equipped with 100X alpha Plan-Apochromat/NA 1.46 Oil DIC M27 Elyra objective, Airyscan superresolution module and GaAsp Detectors, and Zen Blue acquisition software using the Superresolution mode. Z-volumes of 32 slices with 0.17μm spacing through the cell. Airyscan images were processed in Zeiss Zen Blue software and presented as maximum intensity Airyscan reconstructed stacks. Images in Fig. 1B are Airyscan reconstructed maximum intensity projection Z-stacks of 34 sections with 0.17 μm spacing. Images in Fig. S1A are Airyscan reconstructed maximum intensity projection Z-stacks of 28 sections with 0.17 μm spacing. The delay in acquisition between the two channels in these experiments was 4 seconds.
Statistical analyses
Welch's T-test was used to assess differences for Figs. 4E, S3B and S3H. One-Way ANOVA followed by Dunnett's multiple comparison test was used to assess differences for Figs. 2A, 4I, 5G, S1C, S1G and S2C. One-Way ANOVA followed by Tukey's multiple comparison test was used to assess differences for Figs. 5E, S1F and S3F. All statistical analysis was done using GraphPad Prism 7. 
